SUMMARY Sulfoconjugation is an important metabolic pathway determining the fate and potential cardiovascular action of ingested phenolic substances. Among the three catecholamines, dopamine (DA) is to the highest degree sulfoconjugated and has the highest affinity toward the phenolsulfotransferase (PST). The concentration of some sulfated catecholamines, particularly of DA sulfate, increases following ingestion of catecholamines or their precursors. This can be confounded with blood-derived increases in DA sulfate associated with BP peaks in some hypertensive patients. We mimicked, therefore, the latter condition by infusion of free DA into normotensive subjects. At low DA infusion rates, plasma DA sulfate exceeded free DA concentrations, and there were no changes in blood pressure and pulse rate. At higher DA infusion rates, blood pressure and pulse rate increased only while plasma free DA concentrations exceeded those of DA sulfate, indicating that free DA remains biologically active only prior to being conjugated. A similar increase in DA sulfate from alimentary sources (e.g., eating a banana) remains without cardiovascular response and is not associated with an overflow of free DA, since all the ingested DA is conjugated in the gut. We describe a patient with pheochromocytoma who experienced repeated hypertensive crises after ingestion of food containing some biogenic amines, (once also documented by NE increase), possibly due to a phenol sulfoconjugation defect (e.g., substrate inhibition of the PST or its genetic deficiency). Platelet PSTdeterminations may serve as a screening tool to detect subjects with sulfoconjugation defects since they probably reflect the PST activity in the gut where ingested phenols are sulfoconjugated. T HE importance of catecholamines (CA) in the regulation of metabolic processes, through increasing the rate of cellular metabolism and stimulating the conversion of complex foods into readily available substrates, is widely recognized today.
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General Nutritional Effects of Neurotransmission
These effects of CAs, which are best recognized for their role in glycogenolysis, lipolysis, and gluconeogenesis, are related to the action (via sympathetic nerves and adrenal medulla) of norepinephrine (NE), the adrenergic neurotransmitter, and of epinephrine (E), the predominant CA of the mammalian adrenal gland. These two CAs are selectively influenced in response to fasting, which suppresses, 2 and feeding, which stimulates, the sympathetic nervous system. This phenomenon supports the hypothesis that, during fasting, suppression of sympathetic nervous activity conserves calories by diminishing metabolism and heat production, while, during overfeeding, stimulation of sympathetic activity expends calories by accelerating metabolism and producing heat. The hemodynamic effects of CA simultaneously serve to distribute the mobilized substrates according to the needs of the various tissues.
Associated with such variations in sympathetic tone are phenomena such as natriuresis and hypotension during fasting (abrupt withdrawal of sympathetic activity to the kidney and in general), antinatriuresis and arrhythmias during refeeding (effects of CA on sodium reabsorption by the kidney directly and via renin stimulation; abrupt increase in sympathetic activity to the heart). In a more general sense, the increased sympathetic activity may account for the increased incidence of hypertension, coronary syndromes, and arrhythmias in populations in which overeating is often associated with increased salt consumption. Landsberg and Young 1 suggest that "acceleration of cardiovascular disease consequent to increased sympathetic activity may be the penalty for the chronic need to expend excess calories." PERSPECTIVES IN HYPERTENSION SUPPL III, HYPERTENSION, VOL 4, No 5, SEPTEMBER-OCTOBER 1982 In addition to these on-off CA changes induced by feeding, circulating CA can also be affected by qualitative changes in the food, in addition to salt and caffeine intake, in particular through the availability of amino acids, such as tyrosine, which is involved in the synthesis of CA. 4 This amino acid can be ingested as such, or derived from dietary phenylalanine by the action of phenylalanine hydroxylase in the liver. CA biosynthesis is believed to begin from tyrosine, which is converted to dihydroxyphemylalanine (DOPA) by tyrosine hydroxylase, the rate-limiting step in CA synthesis. Tyrosine is transported to the brain by a transport system which competes with other amino acids and has an effect on blood pressure (BP). Feeding of amino acids (tyrosine, L-dopa, e.g.) or cheese as a source of tyramine was used in the past, in conjunction with monoamine oxydase (MAO) inhibitors, to increase the release of catecholamines in some patients with orthostatic hypotension. 5 The effects of such combinations were unpredictable, however, and often dangerous. Transient increases in plasma NE levels have been observed after intravenous administration of glucose. 6 More recently it has been suggested that the carbohydrate : fat ratios in the diet have a profound effect on sympathetic activity and cardiovascular regulation. 
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Sulfoconjugation of Catecholamines
Sulfoconjugation of CA is a long-recognized pathway of metabolism of CA, but its importance has only recently been appreciated. 8 The magnitude of this pathway is indicated by the finding that up to 60% to 80% of the total NE and E and almost all (99%) of the DA circulate in plasma in the sulfoconjugated form. The action of DA and E appears to be affected by sulfoconjugation to a greater degree than that of NE, which can exert its action without being released into the circulation. The sulfoconjugation of CA is considerably dependent on food intake at the stage of sulfate supply and sulfate activation ( fig. 1) , and is also a function of the content of phenolic substrates other than endogenous CA in the food. The supply of inorganic sulfate required for sulfation of both endogenous acceptor drugs and xenobiotics comes under normal, nonfasting conditions, mainly from food; both absorption of inorganic sulfate and sulfoxidation of cysteine deliver inorganic sulfate to cells and tissues. Under fasting conditions, inorganic sulfate can be supplied by catabolism of proteins and other macromolecules, especially the highly sulfate glycosaminoglycans.
9 Activation of inorganic sulfate to the group-donating cosubstrate phosphoadenosine-phosphosulfate (PAPS) takes place in a two-step reaction catalyzed by adenosine triphosphate (ATP)-sulfurylase and adenosine phosphosulphate (APS)-phosphokinase. The sulfation itself is catalyzed by the phenolsulfotransferase (PST) that is contained in many tissues including the gut, liver, platelets. Starvation causes a pronounced decrease in ATP-sulfurylase activity and therefore ofsulfate activation. In rats receiving a 20% protein diet, the specific activity of the enzyme in the liver was about half that in rats on an 80% protein diet.
10
Since the first report that oral E is entirely converted to its sulfoconjugated esters," there have been several other observations indicating that ingestion of common fruits and vegetables 12 or cereals containing tyrosinase (which converts dietary tyrosine into DOPA) 13 induces an increased urinary excretion of conjugated CA. In rats, ingestion of cereal food is followed by synthesis of DOPA in the rat stomach with subsequent increase of urinary DA and 3,4-dihydroxyphenylacetic acid (DOPAC).
14 Eating bananas was shown to increase urinary excretion 15 
BILIARY OR URINARY ELIMINATION FIGURE I. The series of enzymatic processes involved in the generation of sidfoconjugated catecholamines and their disposal. The sulfate supply from food and protein catabolism is followed by a two-step sulfate activation resulting in the generation ofphosphoadenosine-phosphosulfate (PAPS). The sulfation itself consists in the transfer ofsulfate group from the donor PAPS to the catecholamine (R-OH), which is catalyzed by the PST. Finally, sulfates are hydrolyzed by the action of sulfatases or excreted in the urine or bile.
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of CA cause the excretion of only small amounts of conjugated CA, conjugation appears to play only a minor role in the physiological metabolism of CA. 17 However, recently sulfoconjugation of CA became a newly recognized determinant of CA action in hypertension, 8 and a precursor role was attributed to DA sulfate in the generation of free NE and E. 18 Since sulfoconjugated CAs are dependent on nutritional factors, it has become important to examine how the alimentary effects can be separated from changes induced by endogenously released CA, as far as the cardiovascular relevance and diagnostic value of measurements of sulfoconjugated CA are concerned.
Modulation of Catecholamine Conjugation
by Nutritional and Intrinsic Substrates: Their Different Cardiovascular Implications Very sensitive and specific radioenzymatic assays for catecholamines are now available. It has now become evident, however, that plasma free NE determination is a fallible index of the sympathetic nervous activity in humans, 19 since only 50% of the variance in plasma NE can be explained by differences in rates of NE release, the rest being due to differences in the metabolic disposal of NE. In addition, the reliability of plasma free E and DA determination is decreased by the very low concentrations of their unconjugated fraction; they cannot always be satisfactorily determined even by the most sensitive techniques. One solution is to determine the respective sulfoconjugated CA, which, circulating in considerably higher concentrations, persist in the circulation much longer than the free CA. The half-life of NE sulfate is probably 10-20 minutes, compared with approximately 3 minutes for free NE. An increase of free NE lasting 10 minutes will thus be detectable for 50-100 minutes as conjugated NE or E. This measurement will be less likely to miss episodic bursts of free NE and E, the concentrations of which decline very rapidly. However, it will be particularly useful as an indicator of the secretory rate of DA, the CA that is almost entirely (99%) sulfoconjugated in plasma. It appears that there are no known conditions in which the high-affinity DA conjugation 20 is limiting, but the lower affinity NE and E conjugations do reach their limits in some patients with essential hypertension. 21 Even healthy subjects after exercise show increases in plasma free NE accompanied by an absolute decrease in conjugated NE. 22 One of the disadvantages of measuring conjugated CA is that CAs are influenced by diet. These effects can interact at several levels and falsely elevate the apparent baseline concentrations of conjugated CA, particularly that of DA. Since we found that increased concentrations of DA sulfate resulting from surges of free DA coincided with hypertensive peaks in some patients with hyperadrenergic essential hypertension, 23 it became important to separate the hemodynamic relevance of the increased DA sulfate that is blood-derived from that which is induced by ingestion of food containing CA or their phenolic precursors. It was obviously demonstrated that an up to 35-fold increase of DA sulfate and an up to 5-fold increase of NE sulfate occur within 2 hours after eating a single banana, 16 the DA contained in the banana being sulfoconjugated predominantly in the gut. 24 Since spontaneous, bloodderived increases in plasma DA sulfate levels of a similar degree were associated in hypertensive patients with a considerable rise in BP, 23 it was of interest to compare such an increase with that of DA sulfate induced during exogenous free DA infusion.
In eight normotensive subjects receiving free DA infusion at low (0.02 /ng/kg/min) or high (4 /xg/kg/ min) concentrations, it was evident ( fig. 2) that at the low level of DA infusion there was an immediate conversion of free DA into DA sulfate, which exceeded the free DA concentrations during the entire infusion period. Moreover, there were no cardiovascular changes in responses to DA. The 180-minute period of high dose DA infusion was associated with free DA concentrations exceeding those of DA sulfate. When DA infusion was discontinued, free DA rapidly declined while DA sulfate remained elevated, reflecting its longer half-life. A slight cardiovascular effect of DA corresponding to its action on a-and /3-adrenergic receptors was observed only during the period associated with the rise in free DA concentrations. These data indicate that the concentration of plasma DA sulfate as an endpoint cannot be considered a reliable index of the events leading to the cardiovascular action of DA. The cardiovascular effects evidently depend on the free DA kinetics preceding the appearance of elevated concentrations of DA sulfate. We have previously observed that patients with DA surges and hypertensive peaks had a proportionally higher arterial concentration of free DA (50% of the total) than hypertensive patients without such surges (3% of the total). 23 This observation suggests that the persistence of free DA in the circulation determines the cardiovascular action of DA analogous to the infusion of exogenous free DA. The persistence of arterial DA in the free form is particularly important because the adrenergic receptors in the arteries are most relevant to the action of DA on BP. In contrast to the sulfoconjugation of this blood-derived free DA, the increase of DA sulfate from alimentary sources originates from intestinal 24 and possibly hepatic sulfoconjugation, so that no free DA remains in the circulation ( fig. 3 ) and there is no corresponding cardiovascular response. As to the possible contamination of plasma DA sulfate by ingestion of food containing DA or its precursors, control experiments have shown that 12 hours of fasting is sufficient to eliminate elevated DA sulfate from this source. 25 Thus, cardiovascular effects of ingested CA or phenolic substances can be eliminated in most cases. However, there are exceptional situations, probably related to the high individual variability of sulfoconjugation and its effect on dealing with exogenous phenolic substances. An apparent correlation between the activity of the main sulfoconjugating enzyme, PST, in the platelets and the gut 26 suggests that there is a parallel between blood-derived and alimentary sulfoconjugation. Patients who are less able to conjugate endogenous CA 21 may also have deficient conjugation of exogenous phenolic substances. For example, those patients with migraine who are supersensitive to the tyramine content in food 27 because of an inadequate conjugation of tyramine may be included in that category. A similar mechanism may also operate in those pheochromocytoma patients who have hypertensive crises precipitated by orange juice or other food containing synephrine 28 or tyramine, both of which release CA at the nervous endings.
FIGURE 2. Effect of an infusion of free dopamine at low and high concentration into eight normotensive subjects on plasma concentrations of free DA (O---O) DA sulfate (•---«J, on BP and pulse rate (•---•) (mean ± SE).
We previously observed a 34-year-old pheochromocytoma patient (investigated in collaboration with Dr. J.L. Cuche) who presented typical hypertensive crises with pallor, headache, palpitations, and tachycardia up to 180 beats/min, which were all relieved by the removal of a pheochromocytoma weighing 11.2 g from his left adrenal gland. This intelligent patient observed early in his disease that many typical crises were precipitated by certain foods; of 93 hypertensive crises occurring during 1 year, 67 were related to food ingestion (table 1). These observations must be interpreted with caution because of possible psychosomatic interference. However, it did become evident that avoidance of vinegar, mustard, some wines, and orange juice considerably diminished the frequency of the hypertensive attacks. During hospitalization prior to removal of his pheochromocytoma, we tested the patient with orange juice. Within minutes of drinking approximately 500 ml of orange juice, his blood pressure increased from 140/85 to 270/112 mm Hg and plasma free NE increased from 0.36 to over 2.6 ng/ml, which was the upper limit of the assay we had available at that time. It is probable that foodstuffs described by the patient were indeed involved in precipitating hypertensive crises by their content of tyramine (vinegar, mustard, wine, cheese), synephrine (orange juice), or serotonin (banana), all substances potentially able to release catecholamines. 28 29 It is difficult to establish retrospectively whether this patient had an abnormality in the conjugation of CA, which we have previously described in some pheochromocytoma patients. 30 It will also be important to explore in the future how these patients are metabolizing phenolic substances of alimentary origin.
Although sulfoconjugation is a very efficient metabolic pathway protecting the body against cardiovascular effects from ingested amines, there may be limits imposed either by a deficiency of the conjugating enzyme or by such an increased supply of phenolic substances in the food that substrate inhibiton of the sulfoconjugating enzyme would result, 20 26 promoting a temporary excess of free CA. These are probably exceptional circumstances in which a normotensive subject experiences typical symptoms of pheochromocytoma, such as that induced by ingestion of a large dose of metaraminol surreptitiously added to mineral water with criminal intent. 31 Interactions with other components of food may also be important. Concomitant ingestion of high doses of vitamin C, which were found to potentiate the sulfate 32 because their own sulfoconjugation was competing with the action of some drugs undergoing sulfoconjugation, could play a potentiating role in the action of such BP-elevating substances of alimentary origin. Vitamin A deficiency can also lead to a decreased sulfoconjugation by a different mechanism. This deficiency markedly decreases the activity of ATP sulfurylase 10 and phenolsulfotransferase. 33 In conclusion, one of the mechanisms by which quantitative and qualitative nutritional changes can affect the neurotransmission and BP regulation is via the sulfoconjugation-dependent inactivation of phenolic substances contained in the food and the effect of other food components on the sulfoconjugation of endogenous CA. Although conjugated plasma CA, dopamine in particular, can increase substantially in response to phenolic substances of alimentary origin, the effect of the latter on cardiovascular indices is probably limited to exceptional cases in which an endogenous conjugation defect coincides with a very substantial overload of exogenous amines. In the case of DA, this contrasts with a blood-derived increase in plasma DA sulfate in which free DA exerts its cardiovascular action prior to its sulfoconjugation.
The sulfoconjugation of individual CA in individuals is variable. It is not clear to what degree do observations on DA sulfoconjugation also apply to NE. Deficient sulfoconjugation of phenolic substances, a possible genetic trait, 34 has to be considered one of the conditions under which the effect of ingested phenolic substances can be amplified to the point of causing cardiovascular symtomatology, particularly hypertension. Since platelet PST activity appears to reflect PST activity in the gut, 26 the determination of platelet PST activity may become a tool for identifying subjects likely to react to some phenolic substances in food or some otherwise innocent drugs of phenolic structure by a rise in blood pressure.
Most recently such a platelet PST deficiency was described in patients suffering from dietary migraine, 35 a condition with a similar diet-related ideology. 27 
